The generation of muscle-actuated 
Introduction
Many studies have documented changes in the mechanical output of skeletal muscle with aging. For example, compared to young adults, healthy old adults ͑approximately 70 years old͒ exhibit a substantial loss of muscle strength ͓1-3͔, prolonged twitch contractions ͓2,4͔, increased passive stiffness ͓5,6͔ and slowing of the rate of muscle force development ͓7,8͔. Such changes are believed to be the cumulative result of age-related muscle atrophy and remodeling, which seems to more adversely affect fast twitch fibers than slow twitch fibers ͓1-3,9-12͔.
Changes in muscle mechanics may affect, and in some cases limit, how older adults perform certain movement tasks. For example, ankle plantarflexor weakness may be an underlying cause of slower gait speeds in healthy older adults ͓13,14͔. In addition, functional young-old differences in movement performance become more pronounced when tasks require the development of substantial muscle strengths in a short period of time ͓15͔. Forward dynamic simulation is a valuable tool to gain insight into how specific age-related changes in muscle mechanics can impact movement performance, since parameters can be selectively altered and the resulting effect on performance predicted. Dynamic simulation models, consisting of a multi-body representation of a human driven by Hill-type musculo-tendon actuators, have been used to realistically simulate a variety of movements such as pedaling ͓16͔ and gait ͓17͔. Characteristic musculo-tendon model parameters have been established to represent the muscles of young adults ͓18,43͔. How to adjust these parameters to represent the muscle contraction mechanics of healthy old adults is not as well understood.
The objectives of this study were twofold. One objective was to adjust the parameters of Hill-type musculo-tendon models to reflect nominal aging effects on muscle mechanics that have been found in previous experimental studies of animal and human muscle. A second objective was to determine whether using the parametric adjustments resulted in simulated dynamic ankle torque behavior similar to that seen in studies of healthy old males and old females.
Methods
This study follows the approach proposed by Zajac ͓18͔ of using a generic musculo-tendon model that is scaled to individual muscles. A brief review of the generic model is given followed by a justification and description of how model parameters were adjusted to represent aging effects.
Musculo-Tendon Model. Two nonlinear differential equations were used to describe activation and musculo-tendon contraction dynamics. Activation dynamics, which relates muscle excitation to activation, was modeled by a non-linear first-order differential equation with a faster time constant during activation ( act ϭ15 ms) than deactivation ( deact ϭ50 ms) ͓19͔. A firstorder differential equation of contraction dynamics was used to relate activation to the force developed by the musculo-tendon actuators ͓18͔. Contraction dynamics accounted for the interaction of the force-length-velocity properties of muscle and the elastic properties of tendon ͓Fig. 1͔. See the Appendix for details of the constitutive equations of muscle and tendon, and for the specific equations used to describe activation and contraction dynamics.
Effects of Age on Muscle Mechanics.
Age-related changes incorporated into the musculo-tendon model ͓Table 1͔ were those considered representative of muscle atrophy and remodeling that occur between the ages of 30 and 70 years of age.
Isometric Strength. Loss of isometric strength by the 7th decade of life is reported to be 20 to 40%, depending on the study and muscles considered ͓1-3͔. This loss in strength is primarily attributed to muscle atrophy due to a decrease in the total number and size of muscle fibers with aging ͓1,3,9͔. In addition to atrophy, the decrease in strength with age seems to also result from a decrease in the specific strength ͑force/area͒ of muscle ͓4,20͔, though this issue is less clear ͓21,22͔. In the current study, isometric strength of individual muscles was reduced 30% from values used for young adults, which is comparable to the loss of isometric strength measured in muscles of the lower extremities ͓2͔.
Force-velocity. In old human muscle, reductions in maximum contraction velocity likely occur because of a preferential loss of fast twitch motor units ͓2͔ and fast twitch fiber cross-sectional area ͓10͔, as well as changes in the contraction characteristics of specific fiber types ͓12,23,24͔. Larsson et al. ͓25͔ measured a slight ͑7%͒ decrease in maximum knee extension velocity between the ages of 25 and 65. While the maximum contraction velocity (V max M ) of whole muscles from mice and rats is unaltered or only slightly diminished with age ͓26,27͔, single muscle fibers ͓12,23,24͔ often exhibit substantial ͑up to 50%͒ age-related reductions in V max M . Based on the data available, it was assumed that maximum contraction velocity of human muscle is decreased with age, but that the overall change is probably less than the loss in isometric strength ͓1͔. Therefore V max M was decreased by 20% from the value used for young adults, from 10 to 8 optimal fiber lengths per second.
During lengthening contractions, the relative weakness in old age is not as substantial as during isometric contractions. Studies of isolated mice muscles have found that lengthening muscle forces, normalized to isometric strength, are 15-30% higher in old animals compared to young animals ͓28,29͔. Similarly studies of humans show that lengthening muscle strength is better preserved with age than isometric or concentric muscle strength ͓8,30,31͔. To reflect this difference, the maximum normalized force achievable during lengthening (F len M ) was increased from 1.4 for young adults ͓19͔ to 1.8 for older adults.
Active Force-Length. Studies of isolated rat muscles and human skeletal muscle cells have found that both the optimal fiber length and shape of the active force-length relationship are relatively unchanged with age ͓12,32͔. Therefore the active forcelength relationship of the contractile element was assumed to be the same for both the young and old adult muscle models.
Passive Force-Length. Passive muscle tension accounts for a greater proportion of total tension ͑active plus passive͒ in old muscles during stretch ͓32͔, which may result from an age-related increase in the amount of noncontractile tissue contained in muscle ͓33,34͔. In the model, the passive muscle strain due to maximum isometric force, 0 M , was reduced from 0.60 for young adults ͓19͔ to 0.50 for older adults to account for the relative increase in passive stiffness.
Activation Dynamics. The rate of muscle deactivation, i.e. the rate of uptake of calcium ions by the sarcoplasmic reticulum, is slowed in old muscles ͓35,36,37͔. In rats, the magnitude of the slowing of calcium uptake rate with age varies from 0% to 50%, depending on the muscle considered ͓36͔. In humans, the estimated rate of calcium ion uptake in the quadriceps was 37% lower in old females compared to young females, a difference that was partially reduced through high resistance training ͓37͔. Slowing of calcium uptake rate with age was reflected in the model by increasing the deactivation time constant ( deact ) from 50 to 60 ms.
How the rate of muscle activation changes with age is not well understood so act was left unchanged in the older adult muscle model. It is noted that activation dynamics, i.e. calcium release and diffusion, are relatively fast compared to contraction dynamics in muscles with tendon length/fiber length ratios greater than five ͓18͔. Thus, changes in act that may arise with age would likely have little affect on the dynamic contractions of plantarflexor muscles ͑which have tendon length/fiber length ratios greater than eight, Table 2͒ but may influence the dynamic characteristics of muscles with shorter tendons such as the dorsiflexors.
Tendon Stiffness. The tendon strain due to maximum isometric force ( 0 T ) was set to 0.04 in the old adult musculo-tendon model, the same value used for the young adults ͓38͔. Since maximum isometric force is lower for the old adults, this assumes that the old adult tendon is more compliant in absolute terms. This is consistent with biomechanical tests of tendon specimens, which have found that the tensile modulus ͑slope of the linear region of the tendon stress-strain curve͒ of tendon tends to decrease with age ͓39,40͔, though the decrease is not always significant ͓41,42͔.
Ankle Simulations. Four muscles were included in an ankle model: dorsiflexors, soleus, gastrocnemius and other plantarflex- Fig. 1 A Hill-type model was used to describe musculo-tendon contraction mechanics. The model consists of a muscle contractile element in series and parallel with elastic elements. "a… A Gaussian curve was used to describe the active force-length relationship of muscle. "b… The muscle force-velocity function was scaled with activation such that the unloaded contraction velocity was reduced during sub-maximal activation. "c… Tendon force was assumed to increase exponentially with strain during an initial toe region, and linearly with strain thereafter. ors. The dorsiflexor muscle represented the tibialis anterior, extensor digitorum, peroneus tertius and extensor hallucis longus muscles. The gastrocnemius muscle included the medial and lateral components. The other plantarflexors muscle group included the tibialis posterior, flexor digitorum longus, flexor hallucis longus, peroneus brevis and peroneus longus. Muscle-specific parameters were based on the lower extremity musculo-skeletal model of Delp et al. ͓43͔ ͑Table 2͒. The four muscles were implemented into a 3-segment ͑foot, ankle, knee͒ model of the lower leg with segments connected by frictionless pin joints.
Because of the known gender differences in stature and muscle strength ͓e.g., 4,7͔, musculo-tendon model parameters were separately established to represent four subject groups: healthy young males ͑YM͒, young females ͑YF͒, old males ͑OM͒ and old females ͑OF͒. Segment lengths were scaled to body height ͓44͔, with heights set to represent average males ͑1.75 m͒ and females ͑1.62 m͒. Muscle fiber lengths, origins and insertions were scaled to stature, such that origins and insertions occurred at the same relative locations on the segments. Tendon length/fiber length ratios were assumed invariant. Maximum isometric muscle forces of females were set to 75% of the values used for males which, coupled with differences in stature, resulted in female/male torque ratios comparable to those measured experimentally ͑Table 3͒.
All modeling and analysis was conducted using ADAMS ͑Me-chanical Dynamics Inc.; Ann Arbor, MI͒ a commercial dynamic simulation package. Custom subroutines were written and linked to ADAMS to simultaneously solve the differential equations describing activation and contraction dynamics.
Unit pulse muscle excitations of 5 ms duration were input to the models in order to estimate contraction times and one-half relaxation times of the young and old muscle models. Contraction time was defined as the time interval from the start of muscle excitation to the time of peak torque. One-half relaxation time was defined as the interval between peak torque and a decrease to one-half of peak torque.
In rapid isometric and isokinetic exertions, muscle excitation signals were obtained by passing a step function through a first order low-pass filter with a time constant of 40 ms ͑Fig. 2͒. The first order filter was used to represent the finite amount of time required to voluntarily recruit and fully excite all the motor units of a muscle ͓44,45,46͔. Agonistic muscles were assumed to be fully excited. Antagonistic muscles were assumed to be partially excited ͑5%͒ since some antagonism is observed in maximal ankle exertions ͓45͔.
Joint angles were set to represent those prescribed experimentally. In all simulations, the knee was kept at 20 degrees of flexion. Isometric contractions in dorsiflexion and plantarflexion were simulated with the ankle at 10 degrees of plantarflexion and 5 degrees of dorsiflexion, respectively ͓7͔. Isokinetic exertions were Table 2 Muscle specific parameters used for the young males in the simulation of ankle exertions. For females, fiber lengths were scaled by the female-to-male height ratio and maximum isometric muscle forces were scaled by 0.75. Maximum isometric muscle forces assumed for old adults were 30% lower than those used for young adults. Experimental Data. Isometric and isokinetic simulations were compared with ankle torques recorded from 24 healthy young ͑age 19-29͒ and 24 healthy old ͑age 65-86 years͒ adults, equally divided into males and females ͓7͔. All subjects performed isometric and isokinetic exertions ͑30, 60, 120, 180 and 240 deg/s͒ in dorsiflexion and plantarflexion on an isokinetic dynamometer ͑MERAC, Universal Gym Equipment; Cedar Rapids, IA͒. Subjects lay supine with body motions other than ankle rotation restricted by straps over the lower leg, upper leg, waist and shoulders. The preferred foot, defined as the foot that the subject selected to kick a ball, was strapped to a footplate attached to a dynamometer. Footplate angular position and exerted ankle torque were continuously monitored, the former using an optical encoder with a 90 count/deg resolution and the latter using a torque cell mounted on the dynamometer axis. Myoelectric signals were recorded from the tibialis anterior, soleus, and medial and lateral gastrocnemius muscles using bipolar surface electrodes. Further details of the experimental setup and data analysis can be found elsewhere ͓7,45͔.
Results
Contraction and Relaxation Times. The simulated contractions in response to the unit pulse excitations demonstrated a twitch-like response, with a fast rise to a peak torque and relatively slow fall off of torque thereafter ͑Fig. 3͒. As found experimentally, simulated contraction times and one-half relaxation times were prolonged for old adults compared to young adults ͑Table 3͒.
Rapid Isometric Exertions.
Simulated maximum plantarflexion and dorsiflexion torques were generally within one standard deviation of mean isometric strengths measured experimentally for each subject group ͑Table 4͒. The estimated time required to reach 50% of maximum torque from rest was prolonged in old adults, by 8% in dorsiflexion and 12% in plantarflexion.
Isokinetic Exertions. The simulated torque-angle and torquevelocity curves were within one standard deviation of mean experimental values recorded during isokinetic dorsiflexion and plantarflexion exertions ͑Figs. 4 and 5͒. The percentage losses in strength with age were predicted to be larger during concentric contractions than during isometric or eccentric contractions. For example, young males were estimated to develop 253, 193 and 75 Nm during lengthening ͑120 deg/s͒, isometric and shortening ͑120 deg/s͒ contractions, respectively. Corresponding peak torques of old males were 18, 30 and 43% smaller, with the greatest percentage losses occurring during the highest speed shortening contractions.
Power Outputs. Compared to young adults, average power outputs of old adults during 120 deg/s shortening contractions were estimated to be 42 and 49% lower in dorsiflexion and plantarflexion, respectively. These differences are greater than the 30% loss in isometric strength assumed in the model, but in relative agreement with the 39-44% reductions in power outputs measured in old adults ͑Table 5͒.
Discussion
An objective of this study was to review how to adjust Hill-type muscle model parameters to reflect age-related changes in muscle mechanics. A second objective was to assess whether using the parameter adjustments results in simulated ankle torque behavior that is consistent with measurements from healthy old adults. The primary parameter adjustment is to decrease maximum isometric muscle forces to account for the substantial loss of isometric strength in older adults. A review of the literature suggests other modest parameter adjustments are needed to account for prolonged muscular deactivation ( deact ), a reduction in maximum and increased normalized force capacity (F len M ) during lengthening contractions. With the parameter adjustments incorporated, a muscle-actuated model predicted age-related changes in dynamic ankle torque behavior that were consistent with experimental observations. More specifically, the model predicted the reduced ankle power output ͓7͔ and prolonged contraction and relaxation times ͓4,47,48͔ that are commonly observed in old adults.
Methodological Issues. Some limitations of this study should be considered. While the proposed parameter adjustments are qualitatively consistent with observed age-related changes in muscle, the quantitative magnitudes of the adjustments are less definitive. For example, maximum contraction velocities of muscle fibers have been found to slow with age ͓12͔ and a preferential reduction in fast-twitch muscle mass is often reported in humans ͓2,10͔. However how these factors combine to contribute to slowing of the maximum contraction velocity of whole human muscle is difficult to measure and consequently not as well documented. In the model, a 20% reduction in maximum contraction velocity was assumed to occur with aging. This adjustment produced isokinetic torque-velocity relationships that were within one standard deviation of experimental data ͑Fig. 5͒. However, it is possible that other changes, e.g. a change in the curvature of the force-velocity relationship, could produce similar results. Given the parameter uncertainty, sensitivity studies are important when using musculo-tendon models in whole body movement simulations to better understand functional implications of specific changes in muscle properties on performance.
It is also noted that muscle mechanics changes with age can vary substantially across muscles ͓20,49͔. For example, agerelated losses in isometric strength in the lower extremity tend to be slightly more pronounced than in the upper extremity ͓3͔. Consequently, further study is needed to ascertain how well the proposed global adjustments in a generic muscle model reflect agerelated changes in torque development at joints other than the ankle.
Interpretation of Results.
Parameter adjustments, other than simple scaling of isometric strength, were necessary to reflect observed age-related changes in dynamic muscle contractions. That is, if only maximum isometric forces are scaled for older subjects, then activation and contraction dynamics are unaltered and the dynamic muscle properties would be the same for young and old muscles. However it is known that this is not true and thus other parameter adjustments are necessary. For example, the proposed model predicted that contraction and one-half relaxation times would be prolonged in older adults in response to a pulse excitation, which is consistent with experimental observations of stimulated twitch contractions ͓4,47,48͔. A sensitivity study was conducted and found that the prolonged contractions predicted by the model were primarily a result of the assumed decrease in maximum contraction velocity and increase in the deactivation time constant.
The model also predicted that ankle power development during high-speed shortening is adversely compromised with aging. This effect resulted from the assumed changes to the normalized forcevelocity function with age: i.e., a decrease in the maximum contraction velocity and increase in the maximum normalized force during lengthening. The result of these parameter adjustments was a larger percentage loss in joint torque, and correspondingly power, development at high contraction velocities that that seen during isometric or lengthening contractions. This prediction is consistent with isokinetic strength studies, which have found that eccentric strength is better preserved in old age than isometric or concentric strength ͓5,8,31,50͔.
In summary, accounting for changes in muscle properties is an important consideration when using forward dynamic models to interpret movement performance of older adults, particularly when simulating tasks that require large strengths, rapid changes in force or substantial power development.
